The similarity in histopathological changes seen in scrapie-infected mice and in an uninfected senescence-accelerated mouse strain led to a study in which the mouse strain that is prone to senescence (SAMP8), a strain that is resistant to senescence (SAMR1) and a progenitor strain (AKR) of these two strains were infected with three different scrapie strains, ME7, 139A and 22L. For each scrapie strain, the incubation period was shortest in AKR mice and longest in SAMR1 mice. The induction of obesity was a function of scrapie strain and not mouse strain ; ME7 caused obesity in all mouse strains, whereas the average weights of mice injected with 139A and 22L did not differ significantly from mice injected with homogenates of normal
Introduction
A series of mouse strains that have various signs of early ageing has been developed from an inadvertent cross between AKR mice and an unknown mouse strain or strains (Takeda et al., 1991 (Takeda et al., , 1997a . The nine senescence-accelerated prone (SAMP) strains all have generalized signs of ageing (shortened life-span, ruffled coat), but each strain also has specific changes related to a single organ or system, e.g. lung, eye, joint, bone. The SAMP8 strain, which shows early deficits in learning and memory and histopathological changes that are similar to those changes seen in brain ageing in both experimental animals and humans, is of particular interest to us (Miyamoto et al., 1986 ; Yagi et al., 1989 ; Akiguchi et al., 1994 ; Flood et al., 1995 ; Flood & Morley, 1994 , 1998 . The changes in behaviour and in brain histology can be seen as early as 4 to 5 months, and these changes increase in intensity as the animals age, reaching their maximum at the end of their lifespan. Inbreeding from other offspring derived from the original Author for correspondence : Richard I. Carp. Fax j1 718 698 0896. e-mail carpri!nysomr.emi.com mouse brain. The pattern of vacuolation seen in the brain of each mouse strain was primarily dependent on the scrapie strain injected. There were, in general, similarities to the patterns induced in other inbred strains ; e.g. ME7 caused extensive forebrain vacuolation, 22L caused prominent vacuolation in the cerebellum, and the 139A strain induced characteristic white matter vacuolation. Vacuolation was also seen in the medulla and midbrain of SAMP8 mice injected with normal mouse brain, which is consistent with the occurrence of accelerated ageing changes in the brain of this strain. Further analysis of the differences among these mouse strains should provide information relating to the observed differences in scrapie incubation periods.
AKR cross yielded mice with normal characteristics for both the general and specific parameters of ageing, and these strains were termed resistant to accelerated senescence (SAMR). For example, in SAMR1 mice, behaviour parameters remain similar to those seen in normal mice, and histopathological changes associated with ageing are mild compared to SAMP8 and occur late in the normal life-span of the mice.
A number of the histopathological changes seen in SAMP8 are shared with standard mouse strains infected with scrapie ; these include neuronal loss, astrocytosis, vacuolation, cortical atrophy, blood-brain barrier changes and alteration of hippocampal dendritic spines (Beck et al., 1964 ; Bruce et al., 1976 ; Fraser, 1979 ; Scott & Fraser, 1984 ; Kim et al., 1990 ; Jendroska et al., 1991 ; Akiguchi et al., 1994) . The similarities between the histopathological changes seen in uninfected SAMP8 mice and in other mouse strains infected with scrapie prompted us to examine scrapie incubation periods, the scrapie-specific proteinase K-resistant protein (PrP Sc ), induction of obesity and histopathological changes in scrapie-infected SAMP8 mice ; these parameters were also examined in scrapie-infected SAMR1 and AKR mice and in these three mouse strains injected with normal mouse brain (NMB). Three well-characterized scrapie strains which differ with regard to both induction of obesity and distribution of vacuolation were used (Dickinson & Meikle, 1969 ; Dickinson & Fraser, 1979 ; Dickinson et al., 1984 ; Kim et al., a, b, 1988 Kim et al., , 1990 Carp & Rubenstein, 1991 ; Carp et al., 1997) . The overall purpose of this study was to assess possible effects of the accelerated ageing phenotype on scrapie-mouse strain interactions.
Methods
Mouse strains. The SAMP8\Ta and SAMR1\Ta strains were kindly provided by Toshio Takeda (Kyoto University, Kyoto, Japan) and have been maintained in our animal colony for the past 4 years as inbred strains. AKR\J mice were obtained from Jackson Laboratories (Bar Harbour, ME, USA).
Scrapie strains and injection procedures. The ME7 and 22L scrapie strains were obtained from Alan Dickinson (Neuropathogenesis Unit, Edinburgh, UK) and have been passaged by intracerebral (i.c.) injection of C57BL\6J mice. The 139A strain was obtained from Richard Kimberlin (Neuropathogenesis Unit, Edinburgh, UK) and has also been passaged by i.c. injection of C57BL mice. Mice, 2 to 3 months old, were injected i.c. with 25 µl of 1 % brain homogenate prepared from mice infected with one of the scrapie strains or with homogenate from mice injected with NMB. The mice infected with scrapie received approximately 10' infectious units per mouse. The characteristics of the three scrapie strains have been documented previously (Kim et al., 1987 a, b ; Carp et al., 1989 ; Carp & Rubenstein, 1991) .
Analysis of weight. Mice were weighed at 2 week intervals throughout the incubation period.
Analysis of PrP Sc . Brain tissue was processed and analysed by Western blot (WB) as described previously (Kascsak et al., 1986) .
Histology. All mice were sacrificed with an intraperitoneal injection of 5 mg of sodium pentobarbital (Nembutal) and the brains were dissected. Brain specimens were immersion fixed in 10 % neutral-buffered formalin and sectioned into seven tissue sections at the levels corresponding to levels 180, 220, 250, 300, 340, 430 and 500 of the Sidman's Mouse Brain Atlas (Sidman et al., 1971) . Tissue blocks were then processed into paraffin blocks and sectioned into 7-µm-thick histological sections. The sections were stained with the haematoxylin and eosin (H&E) and Kluver Barrera (KB) techniques.
The pattern of vacuolation was examined in 11 topographic areas, namely medulla, cerebellar white matter, cerebellar cortex, midbrain, thalamus, hypothalamus, hippocampus (dorsal), anterior cortex (midline, Sidman's level 180-220), posterior cortex (midline, Sidman's level 300-340), paraterminal body and the internal capsule.
All slides were coded and scored by a neuropathologist without knowledge of mouse strain and scrapie strain used. The vacuolation score was established based on the pattern, size and density of the vacuoles in the tissue using standard criteria for lesion profiles with zero for none and four for maximum vacuolation (Fraser & Dickinson, 1973 ; Kim et al., a, 1990 .
Statistical analysis. Changes in weight during the first 106 days following inoculation were analysed as a function of mouse strain (SAMP8, SAMR1, AKR), inoculum (139A, 22L, ME7, NMB), and the interactions between them by means of hierarchical linear modelling using program HLM (Scientific Software International). The program proceeds in two stages. The linear change in weight\day is first determined for each mouse separately. The slope and intercept from this regression equation are then analysed as a function of the between mouse variables.
Incubation period comparisons were done with Student's t-test using a Bonferroni correction for multiple comparisons (P l 0n05\3 l 0n017).
Results

Incubation periods and PrP
Sc assessment
An analysis of incubation periods of the three scrapie strains in AKR, SAMP8 and SAMR1 mice is shown in Fig. 1 . For each scrapie strain, the pattern of incubation periods was similar, with the shortest incubation period in AKR mice, the longest in SAMR1 mice, and an intermediate value for SAMP8. The differences between each mouse strain were extremely significant, at least P 0n0005, for all comparisons within a set injected with a specific scrapie strain. Analysis of the proteinase K-resistant form of the host protein PrP showed that the resistant protein was present in each of the scrapie strainmouse strain combinations and was absent in mice injected with NMB. Previous studies had shown that the patterns of PrP Sc on WB were similar for the ME7 and 22L strains with approximately equal staining in each of the three bands (Kascsak et al., 1986) . In contrast, for 139A the two lower molecular mass bands stained more intensely than the top band. This difference in PrP Sc patterns between 139A and the other two scrapie strains was also seen in each of the mouse strains used in the present study (data not shown).
Body weight
The initial weights at inoculation, i.e. the intercepts of the regression equations of the SAMP8 and SAMR1 groups, were compared with those of the AKR animals and the slope of the weight increase over time (days) was first examined as a function of mouse and scrapie strain and the interactions between these sets of variables. None of the interactions reached statistical significance indicating that the weight increase induced by the various scrapie strains did not vary as 
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Scrapie-infected SAM mice Scrapie-infected SAM mice a function of mouse strain. The interactions were therefore dropped from the model.
The final model indicated that the initial weights were significantly heavier than the AKR in the SAMP8 (2n6 g) and SAMR1 (3n5 g) groups. The linear weight increase of the SAMR1 group was significantly greater than that of the AKR group (0n048 g\day, P l 0n002) while that of the SAMP8 group was nonsignificantly smaller (k0n02 g\day, P l 0n14). Within each mouse strain, the effects of the three scrapie strains in relation to mice injected with NMB are depicted in Fig. 2 . Scrapie-infected SAM mice Scrapie-infected SAM mice
For each strain of mouse, ME7 caused an increase in weight compared to the NMB-injected group, whereas the weights for 22L-and 139A-injected mice remained similar to the weights of the NMB group. Statistical analysis of scrapie strains (with mice from the three mouse strains combined) showed that compared to injections of NMB, ME7 scrapie produced significantly higher weight gain (0n052 g\day, P l 0n002) while the differences for 139A (k0n015) and 22L (0n013) were not significant. The increase in weight in ME7-injected mice continued beyond 105 days post-injection until a few weeks prior to the end of the incubation period (Fig. 1) , when weight began to decrease ; a weight decrease at the end of the disease is observed in most scrapie strain-mouse strain combinations (Carp et al., 1984) .
Brain vacuolation
The patterns of vacuolation were analysed in each scrapie strain mouse strain combination. The results (Table 1) show that differences in vacuolation pattern are primarily a function of scrapie strain. The patterns induced by the scrapie strains in these three mouse strains are consistent with those seen in other inbred mouse strains (Fraser & Dickinson, 1973 ; Fraser, 1979 ; Scott & Fraser, 1984 ; Kim et al., 1990) . The key elements that distinguish a particular scrapie strain's pattern were also evident in these mouse strains : (1) the ME7 strain induced extensive vacuolation in the forebrain (Fig. 3 a) ; (2) the 139A strain caused white matter vacuolation, e.g. internal capsule ( Fig. 3 b) ; (3) with the exception noted below, the 22L strain caused extensive vacuolation in the cerebellar cortex (Fig. 3 c) (Fraser, 1979) . Two findings were unexpected in the context of previously published results with other mouse strains : the ME7 strain caused more vacuolation than expected in the white matter of the cerebellum, particularly in the SAMP8 and SAMR1 strains. In addition, there was very little vacuolation seen in the cerebellar cortex of 22L-injected SAMR1 mice.
It is interesting to note that vacuolation was seen in medulla and midbrain in SAMP8 mice injected with NMB (Fig.  3 d ) . In light microscopy, the appearance, size, topography and relation to cellular components does not differ between scrapieinfected mice and SAMP8 with spontaneous vacuolation. Vacuolation has been reported in uninjected SAMP8 and is viewed as one of the histopathological changes that signal early brain senescence in this mouse strain (Akiguchi et al., 1994) .
Discussion
The mouse Sinc gene (also referred to as Prn-i) plays a dominant role in determining the scrapie incubation periods in various mouse strains (Dickinson & Meikle, 1969 ; Dickinson & Fraser, 1979 ; Dickinson et al., 1984 ; Carlson et al., 1986 ; Carp & Rubenstein, 1991) . In mice with the s(s( genotype, the incubation periods for ME7, 22L and 139A are comparatively short whereas the incubation period for 22A is long (Dickinson & Meikle, 1969 ; Carp et al., 1987 ; Carp & Rubenstein, 1991) . In contrast, the pattern is reversed in mice with the p(p( genotype : the incubation period for 22A is much shorter than those of the other three scrapie strains. The three mouse strains used in the current experiment are all s(s( in that the incubation period for ME7, 22L and 139A ranged from 131 to 193 days (Fig. 1) , whereas the incubation period for 22A in each of these mouse strains exceeded 400 days (P. Kozlowski and others, unpublished data). Our finding (Fig. 1) that mouse strains within the s(s( genotype have slightly different incubation periods for specific scrapie strains such as ME7, 22L and 139A has been described previously (Carp & Callahan, 1986 ; Carp & Rubenstein, 1991) . The causes of these differences have not been determined but, in part, the H-2D locus appears to be involved (Kingsbury et al., 1983 ; Carp & Callahan, 1986) . For the mouse strains used in the current study, it is known that for SAMP8 and AKR strains the H-2D locus is the same ; the H-2D locus of SAMR1 is unknown .
It was our hypothesis that because of the scrapie-like histopathological changes seen in SAMP8 mice, they would have a shorter scrapie incubation period than SAMR1, and that was the result (Fig. 1) . However, the AKR strain yielded even shorter incubation periods than SAMP8, and scrapie-like brain lesions were not seen in NMB-injected AKR mice whereas vacuolation was present in several regions of the brains of NMB-injected SAMP8 mice at the same age as clinically positive scrapie-infected SAMP8 (Table 1 ).
An additional difference among the brains of these three mouse strains relates to the titres of endogenous murine leukaemia virus (MuLV). In a previous study, it was shown that the titres of MuLV were significantly higher in brains of SAMP8 mice than in SAMR1 brains . This difference was evident at all ages tested from 2 to 12 months. Furthermore, the MuLV titres in the brains of AKR mice were higher than those in SAMP8 mice at the only times tested, 6 to 9 months of age (R. Carp and others, unpublished) . It is not known what role, if any, these MuLV titre differences play in the early senescence seen in SAMP8 mice or in the scrapie incubation period differences noted in Fig. 1 .
It should be noted that these mice were injected with scrapie or NMB at 2 to 3 months of age, which means that animals were 7 to 9 months of age at the end of the scrapie incubation period. The development of age-related changes in SAMP8 mice appears to proceed on a continuum, and 7 to 9 months is close to the beginning of demonstrable changes. Mice injected with these strains at an older age would produce a scenario in which greater effects of the accelerated ageing process in SAMP8 mice would more closely coincide with the end of the scrapie incubation period. It is possible that this protocol would produce an even greater difference in scrapie incubation periods between SAMP8 and SAMR1 mice. In experiments done with the 22A scrapie strain, the SAM mouse R. I. Carp and others R. I. Carp and others strains did not develop scrapie until approximately 14 to 20 months of age, and the difference in scrapie incubation periods between SAMP8 and SAMR1 was more than 80 days (P. Kozlowski and others, unpublished) ; AKR mice could not be included in these comparisons because mice died of lymphoma and leukaemia at 7 to 11 months of age, prior to the conclusion of the scrapie incubation period. It should be noted that the scrapie clinical changes would not be confused with agerelated symptoms since, in the absence of tests for learning and memory, uninfected SAMP8 mice appear to be clinically normal until the onset of signs of ageing at 11 to 12 months of age.
In previous studies, we have shown that the induction of obesity in scrapie-infected mice is a function of mouse strain, scrapie strain and route of injection (Kim et al., b, 1988 . For example, the ME7 strain causes obesity in SJL mice regardless of the route of injection, whereas in C57BL mice only stereotaxic injection into the hypothalamus caused obesity. In contrast, the 139A strain did not cause obesity in any mouse strain, regardless of the route of injection. For 22L, SJL mice became obese when injected by i.c., i.p. or intrahypothalamic routes, but other mouse strains injected with 22L did not become obese regardless of the route (Kim et al., b, 1988 Carp et al., 1989 ; Carp & Rubenstein, 1991) . In the present study, all mice were injected by the i.c. route, and each mouse strain injected with ME7 developed obesity during the latter part of the incubation period, whereas none of the groups were obese following injection with 22L or 139A. Thus, for this group of three mouse strains, the induction of obesity was a function of scrapie strain ; mouse strain differences did not play a significant role.
For vacuolation, the major controlling influence on the pattern of changes was also scrapie strain. For each strain the pattern was consistent with that seen in other mouse strains : for ME7, vacuolation was particularly intense in the mid-and forebrain regions (Fraser & Dickinson, 1973 ; Fraser, 1979 ; ; for 22L, the cerebellar cortex was affected more in AKR and SAMP8 mice than is seen with other scrapie strains (Kim et al., 1990) ; and for 139A, the pattern of vacuolation in grey matter was flat with similar levels of intensity throughout the brain. In addition, 139A induced more vacuolation in the white matter of cerebellum than was seen with 22L or ME7 (Fraser, 1979) . We do not have an explanation for the two points in which the patterns that we saw differed from those usually found with these scrapie strains : the surprisingly low level of vacuolation seen in the cerebellar cortex in the 22L-SAMR1 combination and the higher than expected vacuolation in cerebellar white matter of ME7-infected mice, particularly in the SAMP8 and SAMR1 strains. Genes that are specifically associated with SAMR1 or with the two SAM strains could have contributed to these two surprising histopathological findings.
The possible relationship between the vacuolation seen in NMB-injected SAMP8 in medulla and mid-brain and the vacuolation seen in these regions in SAMP8 injected with scrapie is unclear. The intensity of vacuolation in scrapieinfected SAMP8 mice is generally greater or the same as that seen in scrapie-infected SAMR1 or AKR mice in these regions. The vacuolation seen in these regions in scrapie-infected SAMP8 mice is most probably a function of a combination of the pathological processes specific to SAMP8 and those changes induced by scrapie. The SAMP8 mice injected with NMB were harvested at the same age, 7 to 8 months, as those injected with the scrapie strains. More insight into the relationship between the accelerated brain-ageing changes seen in SAMP8 mice and the histopathological changes induced by scrapie may become available in the analysis of 22A-injected SAMP8 mice in which the appropriate controls are 14 to 20 months of age (P. Kozlowski and others, unpublished data) ; the SAMP8-specified changes will be much more intense at 14 to 20 months and, at least with regard to vacuolation, their impact on the overall lesion profile should be more evident. Examination of these mice with regard to amyloid production should also be revealing since the 22A scrapie strain induces PrP Sc -based amyloid plaques in mice with the s(s( genotype and SAMP8 mice at the end of their lifespan have accumulations of amyloid deposits (Akiguchi et al., 1994) . 
